We have reviewed humidity sensors based on various materials for both relative and absolute humidity, including ceramic, semiconducting, and polymer materials. In the majority of publications, there are few papers dealing with absolute humidity sensors, which have extensive applications in industry. We reviewed extensively absolute humidity sensors in this article, which is unique comparing with other reviews of humidity sensors. The electrical properties of humidity sensors such as sensitivity, response time, and stability have been described in details for various materials and a considerable part of the review is focused on the sensing mechanisms. In addition, preparation and characterization of sensing materials are also described. For absolute humidity sensors, mirrorbased dew-point sensors and solid-state Al 2 O 3 moisture sensors have been described. As the major problem in Al 2 O 3 moisture sensors, long-term instability, has been solved, -Al 2 O 3 moisture sensors may have promising future in industry.
INTRODUCTION
Humidity sensors have gained increasing applications in industrial processing and environmental control. 1 For manufacturing highly sophisticated integrated circuits in semiconductor industry, humidity or moisture levels are constantly monitored in wafer processing. There are many domestic applications, such as intelligent control of the living environment in buildings, cooking control for microwave ovens, and intelligent control of laundry etc. In automobile industry, humidity sensors are used in rearwindow defoggers and motor assembly lines. In medical field, humidity sensors are used in respiratory equipment, sterilizers, incubators, pharmaceutical processing, and biological products. In agriculture, humidity sensors are used for green-house air-conditioning, plantation protection (dew prevention), soil moisture monitoring, and cereal storage. In general industry, humidity sensors are used for humidity control in chemical gas purification, dryers, ovens, film desiccation, paper and textile production, and food processing.
In this paper, we aim to present extensive review of research and development of humidity sensors for a wide variety of applications. Because applications in each field require different operating conditions, various types of humidity sensors based on a variety of sensing materials will be described. This paper is organized as follows. It begins with brief review of classification of humidity sensors based on types of sensing materials and detection ranges (Section 2). Then the relative humidity sensors based on ceramic, semiconductor, and polymer materials will be discussed in Section 3. Absolute humidity sensors, which were not extensive studied but are found
REVIEW

Chen and Lu
Humidity Sensors: A Review of Materials and Mechanisms wide-spread applications in many industrial fields, will be reviewed in Section 4.
CLASSIFICATION OF HUMIDITY SENSORS
Humidity measurement determines the amount of water vapor present in a gas that can be a mixture, such as air, or a pure gas, such as nitrogen or argon. Based on measurement techniques, the most commonly used units for humidity measurement are Relative Humidity (RH), Dew/Frost point (D/F PT) and Parts Per Million (PPM).
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Relative Humidity (RH) is the ratio of the partial pressure of water vapor present in a gas to the saturation vapor pressure of the gas at a given temperature. RH is a function of temperature, and thus it is a relative measurement. The RH measurement is expressed as a percentage. Dew point is the temperature (above 0 C) at which the water vapor in a gas condenses to liquid water. Frost point is the temperature (below 0 C) at which the vapor condenses to ice. D/F PT is a function of the pressure of the gas but is independent of temperature and is therefore defined as absolute humidity measurement. Parts Per Million (PPM) represents water vapor content by volume fraction (PPMv) or, if multiplied by the ratio of the molecular weight of water to that of air, as PPMw. PPM is also an absolute measurement. Although this measurement unit is more difficult to conceive, it has extensive applications in industry especially for trace moisture measurement. Figure 1 shows the correlation among Relative Humidity (RH), Parts Per Million by volume (PPMv), and the Dew/Frost Point (D/F PT). RH measurement covers higher humidity range, PPMv covers lower humidity range, and Zhi Chen received his B.S. degree in 1984 and M.S. degree in 1987 in electrical engineering from University of Electronic Science and Technology, Chengdu, China. He obtained a Ph.D. degree in electrical engineering from University of Illinois at Urbana-Champaign in 1999. He is currently an associate professor with Department of Electrical Engineering and the associate director of Center for Nanoscale Science and Engineering, University of Kentucky. He is a senior member of IEEE and won the National Science Foundation CAREER Award in 2001. His research interests include micro/nano fabrication, nanoscale devices and materials including growth of highly ordered carbon nanotubes for electronic device applications, CMOS transistor reliability and deuterium processing, gate dielectrics for MOS transistors, and microsensors.
Chi Lu received his B.S. degree in Environmental Engineering from Hebei University of Science and Technology, China in 1996 and M.S. degree in Materials Science from Beijing University of Chemical Technology, China in 1999. He is currently a Ph.D. student at Department of Electrical Engineering, University of Kentucky. His research interests include gas sensors and nanodevices. D/F PT covers all the humidity range. Therefore, for daily life, Relative Humidity is constantly used for ease understanding. For trace moisture measurement, it would better to use PPMv or D/F PT, because it tells us the absolute amount of water vapor in a gas or air. According to the measurement units, humidity sensors are divided into two types: Relative humidity (RH) sensors and absolute humidity (moisture) sensors. Most humidity sensors are relative humidity sensors, which can be further classified into ceramic, semiconductor, and polymer humidity sensors. Two types of absolute humidity sensors or hygrometers are available, including solid moisture sensor and mirrorchilled hygrometer.
RELATIVE HUMIDITY SENSORS
Ceramic Sensing Materials
Humidity sensors based on water-phase protonic ceramic materials are used widely in industry and research laboratories. The adsorbed water condensed on the surface of the materials and protons will be conducted in the formed aquatic layers. For ionic sensing materials, if the humidity increases, the conductivity decreases and the dielectric constant increases. 3 4 In bulk water, proton is the dominant carrier responsible for the electrical conductivity. The conduction is due to the Grotthuss mechanism, through which protons tunnel from one water molecule to the next via hydrogen bonding that universally exists in liquid-phase water (Fig. 2) .
This mechanism was reported about 200 years ago. 5 The mechanism of protonic conduction inside the adsorbed water layers on the surface of the sensing materials was discovered in study of TiO 2 and -Fe 2 O 3 . 6 7 As shown in Figure 3 , at the first stage of adsorption, a water molecule is chemically adsorbed on an activated site (a) to form an adsorption complex (b), which subsequently transfers to surface hydroxyl groups (c). Then, another water molecule comes to be adsorbed through hydrogen bonding on the two neighboring hydroxyl groups as shown in (d). The top water molecule condensed cannot move freely due to the restriction from the two hydrogen bonding ( Fig. 3(d) ). Thus this layer or the first physically-adsorbed layer is immobile and there are not hydrogen bonds formed between the water molecules in this layer. Therefore, no proton could be conducted in this stage.
As water continues to condense on the surface of the ceramic, an extra layer on top of the first physicallyadsorbed layer forms (Fig. 4) . This layer is less ordered than the first physically-adsorbed. For example, there may be only one hydrogen bond locally. If more layers condense, the ordering from the initial surface may gradually disappear and protons may have more and more freedom to move inside the condensed water through the Grotthuss mechanism. In other words, from the second physisorbed layer, water molecules become mobile and finally almost identical to the bulk liquid water, and the Grotthuss mechanism becomes dominant. This mechanism indicates that sensors based purely on water-phase protonic conduction would not be quite sensitive to low humidity, at which the water vapor could rarely form continuous mobile layers on the sensor surface.
The two immobile layers, the chemisorbed and the first physisorbed ones, while cannot contribute to protonconducting activity, could provide electron tunnelling between donor water sites. 8 9 The tunnelling effect, along with the energy induced by the surface anions, facilitates electrons to hop along the surface that is covered by the immobile layers and therefore contributes to the conductivity. This mechanism is quite helpful for detecting low humidity levels, at which there is not effective protonic conduction. Nonetheless, the tunnelling effect is definitely not the semiconducting mechanism that will be discussed later.
In the following subsections, we will describe four basic types of oxide-based sensing materials, including Al 2 O 3 , TiO 2 , SiO 2 , and spinel compounds. The basic preparation methods, humidity-sensing properties, and their advantages and disadvantages will be discussed in detail.
Al 2 O 3
Al 2 O 3 is one of the most favorable ceramic sensing materials due to its independence of temperature at nearly all range of relative humidity from 25 C to 80 C. 10 The small pore radius makes Al 2 O 3 sensitive to very low water vapor pressure. Due to the electron tunnelling effect inside the condensed immobile water layers, porous Al 2 O 3 is a competitive candidate for sensing low humidity levels. 8 In addition to capacitive and resistive sensors, more complicated sensing devices based on Al 2 O 3 , e.g., MISFETs (metal-insulator-semiconductor field-effect transistors), were fabricated, and some of them have very good linear response.
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There are several phases for Al 2 O 3 whereas only two of them are common and used in humidity sensing: -Al 2 O 3 resulting in the gradual decrease of surface area and porosity. 13 Therefore the deposition or growth of humiditysensitive (porous) -Al 2 O 3 is also important for sensors required for long-term, non-regenerate applications. Because -Al 2 O 3 is always mixed with huge amount of amorphous Al 2 O 3 , the crystal content is quite small and amorphous Al 2 O 3 formed by anodization or vacuum deposition contains -phase to some degree, whereas the former is crystalline and the latter has no significant peaks in X-ray diffraction except for one broad peak.
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Many of the present Al 2 O 3 humidity sensors are fabricated through anodization. Because of its low-cost and easy process, anodic Al 2 O 3 has great priority over other ceramics. The anodization technique can be divided into two categories, low voltage (<100 V) anodization and anodic spark deposition (usually >100 V). The low voltage anodization produces -phase or amorphous Al 2 O 3 and the anodic spark deposition results in porous -Al 2 O 3 . These two methods will be discussed first and other methods for fabrication of humidity-sensing Al 2 O 3 will be discussed later.
The first humidity-sensitive Al 2 O 3 layer formed through anodization on Al metal surface was reported in 1953. 4 The anodization was carried out in 3% H 2 CrO 3 at 50 V. The capacitance increased linearly while resistance decreased exponentially to the relative humidity, both of the capacitive and resistive sensitivities are considerably affected by the temperature. The anodization parameters considerably affected the moisture sensitivity of the resulted porous Al 2 O 3 films. As reported in Refs. [14, 15] , the capacitance/ resistance versus humidity characteristic of the sensor fabricated at low current density shows a weak response at low humidity, whereas for anodization at high current density or re-anodization a much steeper response at low humidity is obtained. This phenomenon has been attributed to trapping of anions of electrolytes at high current density or into the pores by re-anodization. The high charge density results in easy physisorption of water molecules that form a liquid-like network within the pores (as discussed in the previous section).
The primary problem of anodized amorphous Al 2 O 3 as discussed before is that when exposed for a long duration in high humidity, significant degradation in the sensitivity and drift in the capacitance characteristics would be expected. This was attributed to the widening of the pores due to diffusion of the adsorbed water. 16 The best solution would be to grow self-ordered porous films and eliminating the variability among the pores and irregularities the microstructure of the film. Thermal annealing at about 400 C has been reported to have limited improvement of the stability of anodized Al 2 O 3 sensors. Although amorphous AAO (anodic aluminum oxide) was found to be humidity-sensitive in 1950s, it was not until 1978 did the researchers discover that it could form regular microstructure. 18 Low voltage anodization at certain conditions (always characterized by long-term anodization period at a constant voltage) in acidic electrolyte solution forms Al 2 O 3 layer consisting of hexagonal closepacked cylindrical pores perpendicular to the metal surface (Fig. 5) . The diameters and depths of the pores can be controlled by tuning the anodization conditions. Therefore, the detection limit could be set very low by shrinking the pore size (as mentioned before, the minimum detectable humidity decreases as the pore radius decreases). In addition to its ease process, this honeycomb structure has great potential applications in electronic, optical, and micromechanical devices. 19 20 For humidity-sensitive field-effect transistors (HUMI FET), 21 porous Al 2 O 3 film is usually sandwiched between a top Au electrode and an under-gate Al electrode. It is also reported that a HUMIFET with a structure of SiO 2 /Si 3 N 4 /Ta/Ta 2 O 5 /Al 2 O 3 exhibits much higher sensitivity (less than 1 ppmv) and faster response time (less than 1 second) than conventionally anodized Al 2 O 3 .
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As a high voltage anodization procedure, anodic spark deposition can create porous -Al 2 O 3 22 23 films (∼10 m) that would almost not degrade in humid environments. 24 25 The electrolytes of anodic spark deposition are not water solutions but high-temperature salt melts (usually alkali salts). 23 Due to the tremendous energy dissipated at very large instantaneous current density (∼10 4 A/cm 2 ), the already deposited Al 2 O 3 barrier film breaks down and electric sparks occur. The extremely high temperature resulted from the electric sparks melt the Al 2 O 3 film locally, resulting in a porous structure (Fig. 6) . 24 Re-anodization of the porous -Al 2 O 3 in certain acid solutions at a low voltage was found to be effective in increase of the film resistance so that no short-circuit occurs. 24 25 Figure 7 shows the electrical characteristics of the -Al 2 O 3 sensors versus the relative humidity (RH) at various temperatures. 25 Their response time and long-term stability are also shown in Figures 8 and 9 . 25 The -Al 2 O 3 sensors showed very high sensitivity and very fast response at RH range (<5 s). To test its long-term stability, it was exposed in the air for one year and its reading was still the same as its initial one (Fig. 9) .
Cathodically grown aluminum hydroxide, or hydrated Al 2 O 3 , can also be used as a humidity sensing materials. 26 Using electroanalyzing saturated Al 2 (SO 4 ) 3 as solution and a hydrogen-adsorbing metal (palladium) as the cathode, aluminum hydroxide film can be deposited on the palladium. Although this film has good response at high humidity, it is not sensitive to low humidity. Electroanalysis is not the only method to fabricate Al 2 O 3 thin films. 27 in which the metal aluminum is evaporated and oxidized before the oxide particles are deposited on the substrate. Reactively evaporated Al 2 O 3 films have been reported to be sensitive to moisture levels as low as 1 ppmv. 28 Amorphous Al 2 O 3 films deposited by spray pyrolysis at 250-350 C from aluminum acetylacetonate dissolved in dimethyl formamide were found to be humiditysensitive. 29 However, degradation was not mentioned in the report. Humidity sensors based on bulk-sintered Al 2 O 3 films are also reported. However, they are only sensitive to water vapor levels higher than 50-100 ppmv due to the less porosity. 30 31 The Al 2 O 3 sensors for absolute humidity measurement will be described in more detail in Section 4.2. TiO 2 has three phases: anatase, rutile, and brookite. The third one is seldom used in humidity sensing. When heated strongly (∼1000 C), anatase automatically transforms to the rutile structure. 32 Rutile is the most common phase of TiO 2 , while anatase is very rare in nature. At high temperature (∼600 C), anatase is an n-type semiconductor but rutile is a p-type one. 33 Their sensing responses to reducing gases like H 2 usually behave on the opposite directions. However, because humidity sensing is usually realized by the adsorbed proton-conducting water layers on the porous structure at room temperature, 7 34 35 both phases should behave approximately the same in resistance or capacitance changes. In this section, we will consider TiO 2 as a surface protonic/ionic conducting material, not a semiconducting sensing material.
For humidity sensing applications, anatase TiO 2 are usually made by sol-gel method. The sintering must be at low temperatures (e.g., <500 C) for short time. Otherwise, TiO 2 may be turned into rutile. Due to its higher water adsorption capacity, 36 anatase is a preferred humidity sensing material. Most commercial TiO 2 powders have rutile phase, which can be fabricated by sputtering, thermal evaporation, 37 pulse laser deposition, 38 and laser molecular-beam epitaxy. 39 Because of its protonic conducting sensing mechanism, doping with alkali ions may improve the conductivity of TiO 2 . [40] [41] [42] Adding SnO 2 increases its porosity and thus enhances the sensitivity at high RH range (>70% RH). 43 In addition, bilayered TiO 2 /SnO 2 , 44 TiO 2 /Al-doped ZnO, 45 and ZrO 2 /SnO 2 46 were reported to have less hysteresis than pure TiO 2 , Al-doped ZnO, and ZrO 2 . In these bilayered structures, one material is responsible for fast-adsorption, the other one is responsible for fast-desorption, and porous TiO 2 facilitates the adsorption process of water vapors in the pores. Furthermore, doping of electrolytes or ions, e.g., P 2 O 5 47 or potassium 48 may considerably enhance the sensitivity. However, most TiO 2 -based sensors using the above fabrication methods are not sensitive at low humidity levels and have limited detection ranges from 10% to 30% RH. 36 42 43 A newly developed TiO 2 nanowire sensor is only capable to detect relative humidity levels down to 11%. 49 For K + -doped TiO 2 film sintered at a temperature below 500 C, it is capable to sense humidity levels lower than 10%. 48 In addition to resistive/capacitive sensors, sensors based on magneto-elastic method was found to be sensitive to a humidity level of 2% RH, 50 in which the change of mass of TiO 2 (pore size around 80 nm) due to water-adsorption is measured.
SiO 2
Although SiO 2 grown by wet or dry oxidation has been used as an insulator in electronics for a long time, it is definitely not suitable for humidity sensing because it is a dense material. Humidity sensors based on porous silicon oxide were fabricated using bulk-sintering processes, especially traditional sol-gel method, in which SiO 2 is precipitated by hydrolysis of certain alkoxide of silane. [51] [52] [53] Nonetheless, the most prominent merit of SiO 2 as a humidity sensing material is its compatibility with the current microelectronics industry. Similar to other porous ceramic materials, the humidity sensitivity of SiO 2 can be enhanced by adding electrolyte dopants, e.g., LiCl. 54 Although it was reported that sol-gel fabricated SiO 2 sensor could detect humidity as low as 4% RH, 51 most reported works showed that only humidity over 20% RH can be detected. [52] [53] [54] During the last few years, humidity sensors based on silicon monoxide (SiO), a powder that is used as a coating material, have been prepared by a novel film fabrication method, glancing angle deposition (GLAD). In this method, the substrate is highly oblique to the incident vapor flux and isolated columns of the material deposited grow toward the vapor source. 55 It is possible to control the film microstructure on a 10 nm scale. 56 57 Although the SiO films deposited by GLAD are not sensitive to humidity levels lower than 15% RH, the response and recovery times are as short as in milliseconds. These may be the fastest humidity sensors ever reported.
Spinel Compounds
The spinel compounds belong to a large group of oxides with a general composite of AB 2 O 4 . A can be a divalent metal element, especially in group II, group IIB, and VIIIB. X generally represents a trivalent metal, e.g., iron, chromium, and aluminum. The structure of this group is tetrahedron (diamond) always with high density of defects. Although spinel oxides are semiconductors, most of the reported humidity sensors [58] [59] [60] based on these materials have ionic sensing properties probably due to their low operating temperatures (<100 C). In case that the pore size is very small (100 ∼ 300 nm), the lower detection limit can be down to 1% RH. 59 61 Like other humidity sensing ceramics based on proton-conducting mechanism, doping with alkali ions facilitates formation of hydrated protons. 60 Similar to perovskite oxides, spinel oxides are fabricated by bulk-sintering of the mixture of two metal oxides. 58 60 
Other Ceramic Sensing Materials
LiCl-doped MnWO 4 (a p-type semiconductor) prepared by bulk-sintering was reported to have good linear response to relative humidity over 30% RH in short response (∼3 s) and recovery (∼15 s) time at room temperature. 62 63 Scanning electron microscopy (SEM) showed different grain and pore sizes of the material in relation to the amount of added LiCl. 64 Despite their short response/recovery time, thin films are less sensitive than thick films due to their lack of capillary structures. 65 Boron phosphate calcinated at 350 C was found to be sensitive to RH over 35%.
The phosphate cations might dissolve in the adsorbed water and help the formation of protons. -Fe 2 O 3 (hematite) has been used for humidity sensing dated back to the 60's of the last century. 6 7 After doping with silicon and sintering at 850-950 C, the average pore size of -Fe 2 O 3 is ∼25 Å. The -Fe 2 O 3 sensors can response to RH below 5%. 67 
Semiconducting Sensing Materials
Some ceramic oxides or composite oxides such as SnO 2 , ZnO, and In 2 O 3 , etc. are wide-bandgap semiconductors. H 2 O is adsorbed on the oxide surface in molecular and hydroxyl forms. Water molecules are observed to increase the conductivity of n-type ceramics and to decrease the conductivity of p-type ceramics. 68 69 This effect has been attributed to the donation of electrons from the chemically adsorbed water molecules to the ceramic surface. 68 Another mechanism was proposed. 70 71 It was suggested that water molecules replace the previously adsorbed and ionized oxygen (O − , O 2− , etc.) and therefore release the electrons from the ionized oxygen. 70 71 Probably the "donor effect" could be resulted from both.
Because the conductivity is caused by the surface concentration of electrons, this sensing style is usually called "electronic type." However, the water layer formed by the physical adsorption may be somewhat protonconductive. Therefore, at room temperatures the conductivity of ceramic semiconducting materials is actually due to addition of both electrons and protons (ionic), unless at high temperatures (>100 C) moisture cannot effectively condense on the surface. In Figure 10a , the conductivity increment is produced by surface electron accumulation resulting from the preferential alignment of the water dipoles. 68 Hydrogen atoms contact the surface (mostly at the oxygen sites) and attract electrons outward (Fig. 4) . In Figure 10b , a depletion region forms originally due to adsorbed oxygen and the released electrons may neutralize the depletion. Since adsorbed water molecules increase the conductivity of n-type ceramic semiconductors, nearly all the published works deal with n-type ceramics. It was reported that the change of conductivity was linear to certain exponential based on the proposed surface reaction mechanism. 71 However, most of works lack the derivation for establishing strict reaction models. 72 
SnO 2
Stannic oxide (SnO 2 ) is an n-type wide-bandgap semiconductor. H 2 O is adsorbed on the oxide surface in molecular and hydroxyl forms and the mechanism was identified to be electronic. 68 72 A more complicated SnO 2 -H 2 O interaction model was constructed on considering of water desorption in molecular form, dissociative chemisorption and desorption of OH − groups. 73 The water molecule still behaves like a donor on the SnO 2 surface. Different from TiO 2 and other high-temperature semiconducting ceramics, SnO 2 shows electronic conductivity at rather low temperature (even at room temperatures). 68 70 72 73 Therefore, SnO 2 humidity sensors based on semiconducting properties are expected.
An interesting transitional behavior was observed in step-like humidity changes for sensors based on SnO 2 at considerably high temperatures (Fig. 11 ). This is caused by fast competitive adsorption between H 2 O and adsorbed oxygen species (O 2− , O − , etc.) and desorption of the adsorbed oxygen species and releasing of free electrons. This phenomenon suggests the electronic conduction mechanism and also confirms the contribution of competitive adsorption between H 2 O and adsorbed oxygen to the conductivity increase. For sensors based on In 2 O 3 or ZnO, similar peak patterns due to step-like humidity changes were also observed in the temperature range from 230 C to 540 C. The mechanism should be similar to that of SnO 2 sensors. 74 For sensors based on ultra-thin SnO 2 films (60-90 nm) prepared by sol-gel process, the response time ranged 
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Humidity Sensors: A Review of Materials and Mechanisms from 8-17 s for different humidity changes and the recovery time was only about 1 s, due to their ultra-thin films. 75 However, most reported SnO 2 sensors are only sensitive to RH higher than 30%. [75] [76] [77] In addition to sensing water vapor, SnO 2 is widely used for multiple gases, especially harmful oxides such as NO X , CO, PbO 2 . Since these sensors are usually operated at temperatures above 200 C, heaters are always attached at the backside. 78 
Perovskite Compounds
The perovskite compounds belong to a large group of oxides with a general composition of AXO 3 . The A can be any metal element with +2 valence electrons, e.g., group II, group IV, and rare earth metals. The X represents titanium, niobium, and iron. 79 Sometimes A or X could be a combination of two or more elements, e.g., La 0 7 Ca 0 3 for A and Zr 0 2 Ti 0 8 for X. 80 All members of this group have the same basic structure that is isometric.
Perovskite oxides form a group of ceramics that exhibit a variety of interesting properties and promising applications. N -type perovskite semiconductors exhibit electrical conductivity variation as humidity changes and have high sensitivity to water partial pressure down to 0.006 atm. 81 However, as mentioned previously, like TiO 2 , the humidity-sensing property of perovskite oxides is only effective at elevated temperatures (400-700 C). Therefore, the reported perovskite oxide humidity sensing devices, based on electron-conducting mechanism, are operated at the temperature of hundreds of Celsius. 81 82 At room temperature, some porous perovskite oxides still demonstrate humidity sensitivity, e.g., BaMO 3 (with M = Ti, Zr, Hf, or Sn). 83 84 Because the sensing mechanism is no longer electron-conducting but ion-conducting, they are only sensitive to humidity higher than 8%-20% RH. [84] [85] [86] In these cases, the porous perovskite oxides operating at room temperature may be regarded as simple resistive/capacitive ceramics, in which the group II elements may serve as metal ions to improve the conductivity in moisture. As shown in Figure 12 , most humidity sensitive perovskite oxides were fabricated by bulk-sintering of the mixture of two or more metal oxides/carbonates (e.g., sintering of SrCO 3 and SnO 2 to obtain SrSnO 3 82 ).
In 2 O 3
In industry, smooth and transparent films made of indium oxide, an n-type ceramic semiconductor, are used as infrared-reflectors or electrodes for liquid crystals. There are a couple of methods for fabrication of rough and porous In 2 O 3 layers that are sensitive to moisture. Laser ablation was reported to be a good method to sensitize ITO to humidity by producing gaps on the substrate layer. 87 88 The humidity-sensing is due to the porous wateradsorbing structure inside the gaps. P -type doping with divalent anions from the VIII group (Mn 2+ , Ni 2+ , etc.) may also facilitate the roughness and porosity. 89 Using thermal deposition in high vacuum was found to obtain In 2 O 3 films with granular sizes ranging from 1 to 10 m. 90 However, none of the presented In 2 O 3 humidity sensors is able to sense relative humidity lower than 25% [87] [88] [89] [90] and the response may take a couple of minutes. 89 This type of devices still needs improvement. Although we categorize In 2 O 3 as a semiconducting (electronic conducting) material, its moisture-sensing mechanism is still not very clear.
Other Semiconducting Sensing Materials
Homogeneously mixed and sintered ZnO-Y 2 O 3 was found to be a humidity-sensitive n-type semiconductor. 91 
Doping with Li
+ at 900 C shows linear behavior in the entire humidity range from 5% to 98% RH at room temperatures, probably due to the larger dissociation rate of the adsorbed water molecules induced by Li + ions. Changing mole percentages of ZnMoO 4 and ZnO mixtures sintered at 900 C was found to affect their humidity sensitivity. 92 With appropriate mole percentage, the sensor can respond to humidity as low as 5% RH. 92 The composite materials were found to be n-type and the electrical conduction due to the water donors was thought to be the dominant mechanism at least in the low humidity range.
Polymer-Based Humidity Sensors
Organic polymers are macromolecules in which a unit structure repeats. Most of the polymers are carbon-hydride compounds or their derivatives. The carbon atoms link each other one by one, either by sigma bond (single bond) or sigma bond plus pi bond (double bonds or triple bonds), forming a long chain, which is called the backbone of the polymer. Functional groups are rooted on the backbone, which could be either single atoms (e.g., oxygen or halogen) or molecular groups (e.g., -COOH, -NO 2 ). The functional groups, along with the basic structure of the backbone, determine the chemical and physical properties of the polymers. 93 Artificial polymers are synthesized from monomers that are small molecules. Copolymers are polymers synthesized from two or more different kinds of monomers. Polymeric humidity sensors have been widely studied in research and applied in industry for more than 30 years. Most of the sensors are based on porous polymer films thinner than millimeters and their sensing principle is quite similar to that of ceramic sensors. The film is filled with micro-pores for water vapor condensation and some of the measurable physical properties change due to the water absorption.
Traditionally, according to sensing mechanisms, polymeric humidity sensors are divided into two fundamental categories: resistive-type and capacitive-type. 94 The former responds to moisture variation by changing its conductivity while the latter responds to water vapor by varying its dielectric constant. Almost all of the humidity sensors based on polymers operate at room temperature, due to polymers' high sensitivity to heat. However, during the last ten years, in addition to the traditional quaternary ammonium and sulfonate compounds, [92] [93] [94] [95] [96] polymers containing phosphonium have been developed for humidity sensing. 97 More importantly, copolymers and mutually reactive copolymers have also been studied for humidity sensing. 98 Humidity sensors based on conjugated polymers that are conductive polymers but not polymeric electrolytes attract considerable attention in research laboratories and industries. 99 100 These new materials along with ammonium and sulfonate polymers will be discussed in detail in this section. In addition, polymeric humidity sensors other than electrical impedance measurements (conductance and capacitance), such as piezoresistive 101 and surface wave acoustic (SAW) 102 devices, will also be described in this section. Optical sensors, in which polymers are used to coat fibers, 103 will not be discussed in this section.
Polyelectrolyte-Based Resistive Sensors
Almost all of the polymeric resistive humidity sensors are based on two types of materials: polyelectrolytes and conjugated polymers. For both types of materials, the conductivity of most polymers decreases with increasing humidity level. However, the conductivity of the former is always lower, due to its ionic functional groups. Generally speaking, polyelectrolytes are hydrophilic or even watersoluble, while conjugated polymers (conducting or semiconducting polymers) are rather hydrophobic and unable to absorb much water. To fabricate humidity sensors based on polyelectrolytes, it is reasonable to use some methods to avoid deformation caused by dissolving 94 and to enhance the sensitivity by lowering the intrinsic conductivity. 104 For sensors based on conducting/semiconducting polymers, dispersing some ions inside the materials leads to reduction in resistivity at low RH 99 and thus generates greater absolute signals. The configuration of most resistive sensors, as well as of capacitive sensors that will be discussed later, is either a sandwiched structure with electrodes on both sides or interdigited electrodes with deposited polymer films in between. For the sandwiched structure, the top electrode is always a vapor-permeable thin metal film, e.g., gold.
Polyelectrolytes are polymers with electrolytic groups, which could be salts, acids, and bases. Based on functional groups, humidity-sensitive polyelectrolytes can be fundamentally divided into three major categories: quaternary ammonium salts, [105] [106] [107] [108] [109] [110] [111] [112] [113] sulfonate salts, 114 115 and phosphonium salts. 97 98 116-118 To absorb moisture, the polyelectrolytes are usually prepared as porous thin films. Ammonium and sulfonate salts are traditional polyelectrolytes used in moisture sensing. During the last few years, phosphonium salts were developed. Since phosphorous is just below nitrogen in the periodic table, the chemical properties of phosphonium are nearly identical to those of ammonium. Sometimes phosphonium salts are favored in humidity sensing due to the easy formation of organic quaternary phosphonium with vinyl monomers. 118 As shown in Figure 13 , Cl − is a counter ion in dimethyldiallylammonium chloride, while Na + is a counter ion in poly(sodium p-styrene sulfonate). Apparently, the mobility of the counter ions in polyelectrolytes is very high.
In addition to the ionic compounds introduced above, it is reported that KOH (potassium hydroxide)-H 2 O-doped PVA (poly(vinyl alcohol)) is sensitive to RH over 50%. 119 The backbones of the polyelectrolytes are commonly hydrophobic, while the electrolytic groups are quite soluble in water. As water absorbed on these porous films, the conduction mechanism is similar to that of the zeolites doped with electrolyte ions, which is a water-phase electrolyte material (see Section 3.1). Ions dissolved in the water layer formed by absorption become carriers of electric conduction. The counter ions comprise the majority of the carriers due to their high mobility. The conductivity of the films increases as humidity increases. From their structures, it is easy to find three major drawbacks of the porous films made of polyelectrolytes. First, the materials are soluble in water and the counter ions are ready to exchange with H + or OH − , especially at high humidity levels or in cases when dews form. Second, deformation due to change of humidity or temperature lowers their performance and shortens their lifetime. Additionally, due to their high solubility the conductivity reaches a very high value even if humidity is little. Therefore their sensitivity to high RH is quite weak. 
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Humidity Sensors: A Review of Materials and Mechanisms Back to 1839, Charles Goodyear vulcanized natural rubber using sulfur by cross-linking the isolated polymeric rubber chains into an intensive network. 120 For humidity sensing polyelectrolytic films, the same method (cross-linking) is used to enhance the mechanical properties of the sensors, as well as preventing dissolving of ions and strengthening the adherence to the substrate. 97 Figure 14 shows a cross-linking reaction. 107 The diaminoalkane (the compound at the center) forms a "bridge" that connects two polymer chains together so that a dense, insoluble, and intensive polymer network is resulted. Note that the crosslinking reagent (diaminoalkane) becomes the electrolytic (humidity-sensitive) group of the network and the crosslinking and ammonium-quaternization are accomplished at the same time.
In many cases, simple cross-linking cannot assure satisfactory insolubility, lifetime, and intensity. Based on crosslinking interpenetrating polymer network (IPN) has been developed. 106 115 IPN consists of a cross-linked polyelectrolyte and a cross-linked hydrophobic polymer. The two cross-linked polymers interpenetrate each other. Figure 15 shows two typical IPNs, the ethylene glycol dimethacrylate (EGDMA) that is a cross-linked hydrophobic polymer and poly(AMPS-co-PGM) that is a cross-linked polyelectrolyte. AMPS means 2-acrylamido-2-methylpropane sulfonic acid and PGM means polypropylene glycol monomethacrylate. poly(AMPS-co-PGM) is a copolymer synthesized from the mixture of AMPS and PGM monomers. Melamine resin cross-links the poly(AMPS-co-PGM) chains.
In addition to using chemical reagents, the cross-linking can also be accomplished by Co 60 radiation as well as by the radiation of UV light. 105 121 122 Graft-polymerizing, in which electrolytic groups are grafted on a pre-prepared polymer backbone that comprises a porous film, is also a good method to make the sensing film resistive to water. 94 The cross-linking and IPN are primarily dealing with the solubility and deformation, but have little to do with enhancement of sensitivity. The sensitivity becomes quite low at high humidity due to its low resistivity at low RH. According to researchers, 97 98 108-118 this problem can be solved by adding some insulating content into the highly conductive polyelectrolytes. The inserted insulting parts is able to absorb enough water, dilute the ion concentration, and limit the mobility of ions. 104 Therefore, hygroscopic insulating polymers, like PVA and polyesters, are always favored. This method is proved to be effective for lowering the conductivity of polyelectrolytes at low RH and enhancing sensitivity at high RH. Figure 16 illustrates a typical synthesis reaction for preparing a copolymer, i.e., mixing two monomers in appropriate solvent under proper conditions. The reactant on the left is the electrolyte, (vinylbenyl) tributylphosphonium chloride, and on the right is the hygroscopic insulating compound, an ester.
Humidity-sensitive copolymer films can also be crosslinked to enhance the performance, 97 108 116 118 or even form IPNs with a cross-linked hydrophobic polymer. 115 Recently, cross-linked copolymers resulted from mutually reactive polymers have been developed. 98 110-113 Different from traditional cross-linking, in which chains of the same polymer are jointed together, two different polymers (mutually reactive polymers) are bridged together in this process. There is no bridging reagent or radiation needed in the cross-linking process and the connection between the two reagents is accomplished by direct reactions. At least one of the two mutually reactive polymers (reagents) is a copolymer as discussed in the above few paragraphs. A mutually reactive cross-linking is illustrated in Figure 17 110 and the quarternization is finished simultaneously.
The product of the reaction in Figure 17 is somewhat similar to the IPN (see Fig. 15 ). This indicates that the cross-linked structure from mutually reactive polymers may have mechanical properties as good as IPNs, of which the process is much more complicated. Based on polyelectrolytes, many humidity sensors are able to response to RH from 20% to 90% with good linearity 98 108 110-112 116-118 and some of them are even sensitive to RH around 10%. 106 107 
Conducting/Semiconducting Polymers
In polymers and single molecules, sometimes double bonds and single bond may occur alternately along the main chain. This structure is called conjugation, which is a key thing for semiconductive and conductive polymers. A conjugation structure existing along the entire main chain is named universal conjugation (Fig. 18) . Conductive polymers were first reported in 1977. 123 As verified by theories and experiments, 124 the greater the degree of conjugation, the narrower is the band gap, because more bonding electrons are delocalized. The band gap of highly conjugated polymers is small (∼2 eV) and that of saturated polymers is high (∼10 eV). The reason for the decreasing band gap is that the conjugating structure delocalizes the bonding electrons and the system energy is reduced. If the conjugation is universal, its degree can be represented by the degree of polymerization. For highly conjugated polymers with high polymerization degree, the intermolecular resistance becomes negligible in the bulk. This is because the intermolecular energy gap for charge carrier to overcome is quite small, which is usually less than 0.1 eV for high degree of polymerization due to the Van der Waals force that increases with mass.
Like intrinsic silicon, despite containing universally conjugated chains the intrinsic conducting polymers are not very conductive because of shortage of free charge carriers. Also, radiation with photon energy higher than the band gap could enhance the conductivity by exciting electrons from the valence band to the conduction band. The conducting mechanism of intrinsic polymers could be interpreted by the principles of electron-hole pair traveling under electric field. 125 However, the traveling is one-dimensional rather than three-dimensional due to the structure of conjugated polymers. Since most conductive polymers lack completely equivalent carbon sites along the main chain, some charges are localized and the band gap is therefore enlarged. The sites that trap the carriers are named polarons (a polaron with two charges is called a "bipolaron") and the process in which carriers overcome the polaron barrier(s) is called "hopping."
At room temperature, the conductivity of intrinsic polyacetylene is very low, only 10 −7 to 10 −8 S cm −1 (that of intrinsic silicon is about 4 × 10 −6 S cm −1 ). Similar to inorganic semiconductors, the conductivity of polymers can be considerably enhanced by doping. The doping of polymers is actually to oxidize (p-type doping) or reduce (n-type doping) the backbone by chemical agents. 126 127 The oxidation/reduction also generates by-products, like positive or negative ions. These ions become part of the 
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Humidity Sensors: A Review of Materials and Mechanisms polymer to keep the net charge to be zero. They are usually called "counter ions." It is expected that a p-type polymer semiconductor may contain negative counter ions and an n-type one may contain positive counter ions. In case that sufficient amount of water is absorbed on the doped polymers, one may expect that polymers may show some ionic conduction with the counter ions as the carriers. It is known that the conductivity of extrinsic silicon is very high (>1000 S cm −1 ). However, for general polymers (polyacetylene or polyphenylene) with moderate doping (either p-type or n-type), the conductivity may vary from 0.1 to 1 S cm −1 . In recent years, several devices based on conducting/semiconducting polymers were built, including LEDs, 128 solar cells, 129 and field-effect transistors. 130 Water is well known for its protonation and the released proton interacts with universally conjugated C C double bonds. This effect was discovered and used for humidity sensing. Generally, dopants always play an important role in the conductivity variation caused by absorbed water. 131 132 As conducting polymers, polyaniline (PANI) and its derivatives have been found to be humiditysensitive for a long time. [133] [134] [135] Due to polymerization by some strong oxidant (e.g., (NH 4 ) 2 S 2 O 8 ), the PANI structure contains two basic forms: non-oxidized (reduced) and oxidized structures (Fig. 19) . Apparently, the PANI synthesized in this way may be regarded as p-type doping. Due to the un-bonded electron pair on the nitrogen atom, both forms can be protonated: NH → NH According to a buildup model, 133 136 the electron transferring (hopping) from the protonated reduced form ( NH + 2 ) to the protonated oxidized form ( NH + ) is the dominant conduction process of PANI when water content reaches 0.1% (mole ratio). Since in this process a proton is transferred to water by the reaction, NH
absorbed water plays an important role in the conductivity. The humiditysensing property of PANI to water vapor can be regarded as electron hopping assisted by proton exchange. Its conduction is both electronic and ionic. The ionic conduction is favorable as long as mobile counter ions (for example, Cl − ) exist in the polymer. 135 Although it is verified that PANI and its derivative are sensitive to humidity, the response is very low due to weak hygroscopicity, at most one order of magnitude change in conductivity. 133 136 Using a similar methodology in polyelectrolytes, some researchers combine (o-phenylenediamine) (PoPD, a close Fig. 19 . Two redox forms of polyaniline (in the reduced form, the unbonded electron pair on the nitrogen atom contributes to the conjugation). structure to PANI) with hygroscopic polymers like PVA to enhance the response. 99 137 138 The hygroscopic PVA absorbs water molecules from poly in the drying stage and provides water molecules to PoPD as humidity increases. As reported, the composite PoPD/PVA is able to detect RH below 10%. 99 137 Some hysteresis is observed in this type of sensor after long-term operation or short exposure to high humidity. Researchers attribute it to a layer of sulfuric acid that is formed from the dopant (fuming sulfuric acid). 137 A major drawback of PANI is its poor processibility. It is reported that converting PANA (Poly (anthranilic acid)) into PANI by heat treatment turns to be a convenient method for fabricating PANI with good humidity-sensing property. 139 The doped composite film of poly(o-anisidine)/PVA, which is also a derivative of PANI, was reported to be humidity-sensitive. 140 Poly(p-diethynylbenzene) or PDEB is a conducting polymer due to its long-chain conjugated structure. As reported in Ref. [100] , PDEB synthesized by some organic nickel catalyst is sensitive to RH ranging from 10% to 90% with rather low impedance. More recently, the same research group reported other conducting polymers, such as Poly(propargyl benzoate) (PPBT), 141 p-diethynylbenzene-co-propargyl alcohol, 142 and ethynylbenzene-copropargyl alcohol (copolymer), 143 are also good candidates for humidity sensing. All the above sensing polymers are synthesized using the same organic palladium as the polymerization catalyst and doped with FeCl 3 , except for PDEB (nickel-catalyzed without Fe-doping) and PPBT (palladium-catalyzed without Fe-doping). The synthesized PPBT and PA-co-OHP bilayer also response to RH as low as 10% 141 and the other two copolymers only response to RH over 30%. 142 143 The merit of ethynylbenzene-copropargyl alcohol is that for RH over 30% the logarithm of the capacitance of the film changes linearly with humidity and its sensitivity is very high. 143 The sensing mechanism may be due to the interaction between protons or dopant ions and the universally conjugated structure. 100 141 142 For PDEB and PPBT that are not doped with FeCl 3 , the catalyst (nickel or palladium) may play an important role in conductivity by doping ions into the polymers.
Hydrophobic Polymer-Based Capacitive Sensors
Unlike resistive sensors based on polyelectrolytes, capacitive polymer films for humidity-sensing are made from hydrophobic organic materials that are somewhat hygroscopic in order to absorb moisture. 94 In other words, the polymers for capacitive sensors should be both non-ionic and highly polar macromolecules. In the market, capacitive sensors are usually more expensive than resistive sensors due to their high fabrication cost. 144 However, with excellent linear response, [144] [145] [146] capacitive sensors are far more attractive than resistive sensors. This linear response is due to a very simple principle described
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Chen and Lu as follows. For insulating polymers, the absorbed water, the weight of which is proportional to relative humidity, occupies the free space between the polymeric molecules. Therefore the change of the dielectric constant of the hygroscopic polymer is linearly proportional to the amount of water absorbed. To be non-ionic but very polar, polyimides, [144] [145] [146] [147] [148] [149] and esters are apparently good candidates, such as cellulose acetate butyrate (CAB), [150] [151] [152] poly(methyl methacrylate) (PMMA), 153 154 poly(vinyl crotonate), 121 and poly(ethyleneterephthalate) (PETT).
155 Figure 20 illustrates a typical polymer for capacitive humidity-sensing. Models for moisture sensing in both materials have been established. 144 150 Hysteresis is usually a serious problem in capacitive sensors. Hysteresis comes from clusters of absorbed water inside the bulk polymer. 94 152 Formation of clusters indicates that hygroscopicity of some polymers is too high and relatively large voids exist in the polymeric structures. The water clusters may also deform the polymers and shorten the lifetimes of the sensors.
In the previous section (Section 3.2.1), we discussed the application of cross-linking to solve the deformation and aging caused by water absorbed in polyelectrolytes. For capacitive sensors, the cross-linking method, 121 122 153 154 in which hygroscopicity is lowered and the resistance is enhanced due to temperature change, 121 is also used to against the hysteresis. Some hygroscopic cross-linking agents can also enhance the sensitivity of the film. 154 Polyimides, which are used as insulators in integrated circuits, 147 148 are the most commonly used group of materials for capacitive humidity sensors 94 144-148 and the response is always linear with the detection limit generally below 20% RH. In addition, polyimides can also be used as substrates for humidity sensors. 149 The polyimide (Kapton) can be doped with carbon to become conductive. Between the polyimide substrate and the sensing film (made of other polymers), the adherence is strong and the mismatch in thermal coefficients is small. It is also reported that carbon filled polysulfone can be used as good electrodes for humidity sensors based on polyimides. 145 Other polymers suitable for capacitive humidity sensors include polyethersulphone (PES), 144 polysulfone (PSF), 156 divinyl siloxane benzocyclobutene (BCB), 157 hexamethyldisilazane (HMDSN), 158 etc. The capacitive humidity sensors have linear response as low as 15% RH 121 144 148 155 and some have very low hysteresis (<2%). 144 146 156 
ABSOLUTE HUMIDITY SENSORS (HYGROMETERS)
In early years, meteorologists were interested in an instrument capable of measuring the water content of the upper air latitudes where the water concentration was less than 10 ppmv at air temperature of −56 C. 159 In 1948, a dew/frost hygrometer based on moisture condensation on a mirror was developed to measure the absolute humidity in extremely dry air of stratosphere with the lowest detectable humidity level of −90 C frost point. 159 In 1967, a fully automated dew/frost point hygrometer based on a mirror with much better performance was developed with much faster response. 160 In 1978, a solid-state moisture sensor based on porous anodic aluminum oxide was developed with fast response and wide measurement range (−110 C to +50 C). 161 In following two sections, we will review the mirror-based hygrometers and solid-based moisture sensors.
Mirror-Based Dew/Frost Point Sensors (Hygrometers)
The basic structure of a dew/frost hygrometer is shown in Figure 21 . 160 Light from the Farmer electric lamp is projected onto the sensing element and is received by the photo resistor. If water condenses on the gold mirror of the sensing element, the photo resistor picks up the optical signal and the corresponding temperature is recorded. During 1990s, people had renewed interests in improvement of the mirror-based dew/frost hygrometers. The improvement was focused on the sensing element, i.e., how to accurately detect temperature at which water begins to condense on the mirror surface? In order to stabilize the mirror temperature, additional heat was injected into the mirror. 162 163 The experimental results showed that temperature was many times faster and over-condensation was minimized. The temperature fluctuations around the dew point usually were not over 0.03 K. During the hygrometer operation, the heat pump cools the mirror and simultaneously gives out a huge amount of heat into the heat housing. This temperature change influences the sensitivity of the optical dew detector, which decreases the hygrometer's accuracy. In order to solve this problem, optical fibers were used to separate the optical dew detector from the mirror area as shown in Figure 22 . 164 The accuracy of the hygrometer was significantly improved at elevated temperatures. At 50 C, the error of the fiber optical dew detector is ∼−0.10 to −0.11 C while the regular optical dew detector is ∼−0.63 to −0.65 C. 164 It was shown that the dew could be detected from the laser light scattered from the rough surface of a metal plate instead of the mirror surface. 165 The dew point was determined with an accuracy of ±0.5 C, corresponding to ±2% in relative humidity at a temperature of 27 C. The laser light was supplied through an optical fiber from a laser
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Humidity Sensors: A Review of Materials and Mechanisms diode and the scattered laser light was transmitted to a phototransistor also through an optical fiber. The response time of this laser dew-point hygrometer is ∼0.2-3 min or 12-180 s. 166 Although the absolute humidity is temperature independent, the technique for dew point measurement is still temperature dependent. One way to solve this problem is to use optical fiber as described above. Another way is to use a single micro-air-bridge heater to eliminate the influence of the ambient temperature in absolute humidity sensing by a thermal sensor. 167 In order to develop a new way to use a Peltier device (thermoelectric cooler) for fast humidity sensing, the optical signal of a photodetector was studied when water condensation appears on the cold side of the Peltier device. 168 The thermoelectric device was used at a pulsed rate. During cooling, the applied current is stopped as soon as a variation of the optical response, due to the appearance of water droplets, is observed. A reverse pulse is then applied to return quickly to the ambient temperature. The delay time of the optical detection is in the range of 0.25-12.2 s for humidity in the range of 15-70%. 168 The schematic of the optical dew detector is shown in Figure 23 . 169 It is composed of a single-stage thermoelectric cooler stuck Despite of their wide use, optical dew point hygrometers have several drawbacks including high cost, frequent mirror contamination, and instability under continuous use. Dew point hygrometers based on direct mass measurements of condensation have the potential to provide more accurate dew point measurement with high resolution. Surface acoustic wave (SAW) devices have been used as highly sensitive gas sensors. [170] [171] [172] [173] It was suggested that a SAW sensor can measure mass with sensitivity 200 times greater than bulk wave sensors (quartz microbalance) due to its higher operating frequency. A review paper on gravimetric sensors for chemical applications by Ward and Buttry in 1990 174 listed a minimum mass sensitivity of 1.2 ng cm −2 for SAW sensors compared to 10 ng cm −2 for a quartz microbalance. A dew point hygrometer using a SAW sensor was developed in 1983 by Kuisma and Wiik. 175 They used SAW attenuation to detect condensation and measured temperature with an RTD. This instrument offered no apparent advantages over optical dew point hygrometers in resolution, accuracy, and cost. In 1995, Galipeau et al. 176 demonstrated an SAW dew point hygrometer with ability to accurately measure condensation surface density and dew point using SAW velocity. A condensation surface density of 3.0 ng cm −2 was detected. In the same year, Hoummady et al. 177 developed a dew point detector using an LST-cut quartz SAW sensor.
SAW devices increase considerably the accuracy of humidity measurement because of their dual ability to
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Humidity Sensors: A Review of Materials and Mechanisms detect dew condensation and to measure the temperature with a great accuracy. The experimental SAW device is cooled using a Peltier device. When water vapor condensation appears on the Rayleigh wave propagation path, it induces a substantial attenuation of the wave amplitude and a shift in the associate oscillator's frequency (mass loading). Figure 25 shows a schematic of a SAW device based on a quartz substrate. 177 The quartz cut was an LSTcut because of its high thermal sensitivity and good linearity. The interdigital transducers are photolithographically patterned on an aluminum film of 1500Ǻ. The wavelength was 34.4 m and the operating frequency about 98 MHz. The SAW device was placed in an oscillator loop. The quartz plate was cooled by means of a Peltier device glued on the bottom face (Fig. 26 ) in order to condense the water vapor on the SAW propagation path. The hot side of the Peltier element was water cooled. It has been shown that the amplitude depends minimally on the temperature while decreases rapidly when sufficient water vapor condenses on the quartz plate. This effect depends on the dew thickness/acoustic wavelength ratio. The frequency measurement was used for detecting dew deposition. 177 In comparison with the optical dew point detectors, the accuracy of the SAW devices was improved by about a factor of 500. 177 Coating of the SAW device with Teflon AF reduces contamination build-up and allows for accurate dew point measurement with improved response time at very low water vapor concentration. 178 Water molecules exist in the form of either ice crystals or liquid water (called sub-cooled water) at negative temperatures. Generally, in nature, sub-cooled water is not stable and spontaneously converts into ice. However, on the mirror of a dew point hygrometer, this phenomenon may persist for hours. The partial pressure of saturated water vapor over a mirror is different for a mirror covered by ice than for a mirror covered by sub-cooled water even at the same temperature. 179 Therefore, in the temperature range of potential sub-cooled water presence (from 0 C to −40 C), the hygrometer can measure either frost point or dew point, where there is a temperature difference T . The sub-cooled water error T is about −1 C per each 10 C below zero. In order to solve the sub-cooled water issue, a silicon dew point detector was designed as shown in Figure 27 . 179 180 The dew point temperature was measured with an embedded RTD thermometer. The capacitive detector was used for water and ice recognition. Two heaters were also designed with one located in the membrane (inner heater) and the other in the solid structure (outer heater) for fast temperature control surrounded both the detector and the thermometer. A model was developed to describe the water vapor contained in the measured gas, water mass transport, heat transport across the measurement head, silicon dew detector, and regulator characteristics. 181 
Aluminum Oxide Moisture Sensors
In the above section, the moisture level is measured by detecting the dew/frost point when the mirror is cooled to a point where water vapor condenses on it. The dew/frost point hygrometer is a complex system, which usually has very high cost. It will be very useful if a solid state sensor can be developed for absolute humidity measurement. Most humidity sensors were found applications in the relative humidity (RH) range. Only aluminum oxide thin film sensor can be used for absolute humidity measurement. 161 182-184 Failure analysis of integrated circuit packages identified moisture trapped within the hermetically sealed enclosure as a major reliability problem throughout the semiconductor industry. Table I shows the failure-free upper limit of moisture level for device reliability. Water vapor can cause nichrome disappearance, gold migration, and MOS inversion. In the second column, the water vapor concentration was listed where these failures were demonstrated. The last column lists the failure-free upper limit. The failure-free upper limits are less than 1,000 ppmv. Kovac et al. 161 182 developed an aluminum oxide sensor for in-situ monitoring of sealed integrated circuit packages. The sensor can respond to a moisture level as low as 1 ppmv (−76 C dew/frost point). It is basically a capacitor-like structure consisting of a bottom aluminum electrode, an anodized porous Al 2 O 3 film, and a thin, water permeable gold top electrode (Fig. 28) . 161 Based on an equivalent circuit model, 161 the porous Al 2 O 3 film capacitive sensor is represented by parallel resistance and capacitance. When water vapor is transported through the permeable gold layer and equilibrates on the pore walls, the number of water molecules absorbed on the pore determines the total complex impedence of the sensor. Using an admittance amplifier, a characteristic curve such as that shown in Figure 29 is obtained for the device. The "meter reading" is proportional to the admittance of the sensor. As the moisture level decreases, the admittance decreases. At a given pressure, there is a one to one correspondence between the dew/frost point and the parts per million of water vapor. Based on the porous structure, Nahar et al. 183 proposed an improved equivalent electric circuit model. Based on their suggestion, a schematic of the circuit is shown in Figure 30 . In the diagram, C s and R s represent the capacitance and resistance of the solid walls; C a and R a are the capacitance and resistance of the pore area filled with air; C b and R b are the capacitance and resistance of the barrier layer below the air portion. C eff denotes the capacitance of the multiple-dielectric capacitor comprising the sublayers: barrier layer, chemisorbed layer, and water condensed in the pore as given by the Maxwell-Wagner effect. R eff is the parallel resistance of the capacitor. Based on the equivalent circuit, the capacitance and resistance can be obtained as 
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On considering the actual porous structure of the anodic Al 2 O 3 , we have the capacitance and resistance at any humidity level
where 0 is the permittivity of free space, s the dielectric constant of solid Al 2 O 3 (value 8), a dielectric constant of air (value 1), A the area of the device, the film porosity, d the Al 2 O 3 film thickness, b the barrier layer thickness, the length of the pore in which water can condense. It is a characteristic length of the sensor. x is the fraction of pore area A filled with water.
and are the components of dielectric constant of the barrier layerchemisorbed layer-water structure. Using this model, theoretical capacitance and resistance data were calculated. 183 The theoretical capacitance data are in good agreement with the experimental data. There is a slight deviation between the theoretical resistance data and the experimental data. Later, Nahar et al. 8 184 185 proposed an improved theory based on physical absorption, surface conduction mechanisms, and the dielectric properties of the Al 2 O 3 film. The theoretical results are in excellent agreement with the experimental data.
There is a major drawback for aluminum oxide sensor, i.e., long-term calibration drift. 13 186-188 The basic reason for long-term drift of sensors using porous anodic aluminum oxide films is described as follows. The structure of anodic aluminum oxide is amorphous-or -Al 2 O 3 with hexagonal cylindrical pore structure. When the structure exposes to a humid atmosphere, the -phase or amorphous Al 2 O 3 changes to -Al 2 O 3 · H 2 O (boehmite). 12 This irreversible phase change causes volume expansion of aluminum oxide, resulting in the gradual decrease of surface area and porosity. 13 24 25 189 Many researchers tried to improve the anodic aluminum oxide sensors by aging the aluminum oxide in boiling water or macerating the films in some ion solutions. 13 28 188 However, the drift can not be completely eliminated. Even the commercial aluminum oxide moisture sensors have to be calibrated twice a year to assure their accuracy. 190 This problem seriously hinders the widespread use of aluminum oxide moisture sensors.
As mentioned in Section 3.1.1, -Al 2 O 3 is a very stable phase. However, it is very difficult to form -Al 2 O 3 . It is very difficult to obtain -Al 2 O 3 , because the temperature for phase change from to is at least 900 C. 191 Fortunately, there is an electrochemical approach to deposit -Al 2 O 3 without high temperature process. Anodic spark deposition is a unique process for forming certain ceramic coatings. Various coatings can be formed on a wide applying 150 V to the anode. Chen et al. 24 25 successfully fabricated moisture sensors with capability of detecting moisture level as low as 1 ppmv using -Al 2 O 3 films formed by anodic spark deposition in the melt of NaHSO 4 -KHSO 4 mixture. X-ray diffraction analysis of the sample shows a range of phases, (113), (030), (012), (110) (116) (104) (024) (124) [a16]. Figure 6 shows the SEM images of the anodic-spark-deposited -Al 2 O 3 films. 24 25 The average pore size is in the range from 1 to 2 m and the porosity is about 30%. The anodicspark-deposited -Al 2 O 3 films exhibit a continuous open pore structure, i.e., the base of the pores was the aluminum substrate, not a barrier film. This causes short circuit of the sensors when a 0.5 V (AC) voltage is applied to sensors. In order to overcome this difficulty, the -Al 2 O 3 film is reanodized in diluted sulfuric acid or borax solution for a short time to form a thin barrier layer as shown in the inset in Figure 31a . The schematic of the sensor structure and the moisture sensing probe is shown in Figure 31b . The fabricated sensors showed high sensitivity for moisture level from 1000 to 1 ppmv or −20 to −76 C dew/frost point (D/F PT) (Fig. 32) . The sensors also demonstrated excellent long-term stability as shown in Figure 33 . For more than six months, there was no drift for data. The response was also very fast. From the low to the high moisture level the response time is about 5 s and from the high to the low moisture level about 20 s (Fig. 34) . Therefore, the long-term calibration-drift occurring in -Al 2 O 3 film sensors was eliminated in the -Al 2 O 3 film sensors. 25 
CONCLUSIONS
Humidity sensors based on various materials for both relative and absolute humidity have been reviewed extensively, including ceramic, semiconducting, and polymer materials. In the majority of publications, there are few papers dealing with absolute humidity sensors, which have extensive applications in industry. We reviewed extensively absolute humidity sensors in this chapter, which is unique comparing with other reviews of humidity sensors. The electrical properties of humidity sensors such as sensitivity, response time, and stability have been described in details for various materials and a considerable part of the review is focused on the sensing mechanisms. In addition, preparation and characterization of sensing materials are also described. For absolute humidity sensors, mirrorbased dew point sensors and solid-state Al 2 O 3 moisture sensors have been described. Each has its own advantages. Mirror-based dew-point sensors are more costly in fabrication with better accuracy, while the Al 2 O 3 moisture sensors can be fabricated with low cost and used for moisture control more conveniently. As the major problem in Al 2 O 3 moisture sensors, long-term instability, has been solved, -Al 2 O 3 moisture sensors may have promising future in industry.
